Ameloblastoma is an odontogenic tumor with a variety of histologic appearances and an unpredictable biologic behavior. Little is known about allelic losses of tumor suppressor genes in ameloblastomas. This study surveyed DNA damage in ameloblastomas and correlated this with histologic sub-type and clinical outcome. There were 12 ameloblastomas (two peripheral, eight solid, and two unicystic) and three ameloblastic carcinoma studied for loss of heterozygosity of tumor suppressor genes on chromosomes 1p, 3p, 9p,10q, and 17p (L-myc, hOGG1, p16, pten, and p53). The frequency of allelic loss and the intratumoral heterogeneity were calculated. L-myc (71% frequency of allelic loss) and pten (62% frequency of allelic loss) had the most frequent allelic losses. Overall frequency of allelic loss and intratumoral heterogeneity were higher in mandibular and in unicystic tumors and lower in tumors that recurred/metastasized. The rate of allelic loss in the three carcinomas was similar to that seen in benign tumors. The frequency of allelic loss and intratumoral heterogeneity did not correlate with age, gender, histologic subtype, or prognosis. Since tumors that behaved aggressively did not harbor more allelic losses, it is likely that DNA damage in ameloblastomas and ameloblastic carcinomas is sporadic and cumulative. We conclude that other genetic or epigenetic mechanisms may be responsible for malignant behavior in ameloblastic carcinomas.
Ameloblastomas are usually benign, locally aggressive neoplasms derived from the epithelial odontogenic tissues, which are part of the tooth-forming apparatus. They constitute a group of particularly interesting lesions, because they display embryologic components of the developing tooth germ.
Although very rare when viewed in the context of the human tumor pathology, ameloblastoma represents the most common tumor derived from tooth epithelial components, representing between 13 and 24% of odontogenic neoplasms, depending on the population studied. 1, 2 Ameloblastomas tend to appear in the third to fifth decades of life 3 with the unicystic type predominating in younger populations. 4 There is no significant racial or gender predisposition. Because of its origin centrally within the bone of the mandible or maxilla, clinical symptoms may be entirely absent. The most common symptom is painless swelling of the affected area, but unhealed extraction sites, draining sinuses, superficial ulceration, and neural involvement have also been described.
Histologically, the tumor consists of central loosely arranged spindle-shaped cells (Figure 1b, c) , surrounded by columnar cells with hyperchromatic nuclei, displaying 'reverse polarization' and peripheral palisading, meaning that the nuclei are located away from the basement membrane ( Figure 1b) . These cellular components simulate the enamel organ.
Ameloblastomas are divided into four categories based on radiological appearance, histological features, and anatomical location: unicystic, multicystic or solid, desmoplastic, and peripheral. 3 Although ameloblastomas are histologically benign, they have a high rate of local recurrence, which ranges from 15 to 75% 5 depending on the type of surgical treatment (conservative versus radical) and, exceptionally, may even metastasize despite their benign appearance. The biologic behavior cannot be predicted on the basis of morphology, although metastases usually follow multiple recurrences. 6 Also described are ameloblastic carcinomas, which are rare (1.1-4%). 2 These tumors are cytologically malignant and may or may not metastasize.
The molecular and genetic characteristics as well as the mechanism of development of ameloblastomas are poorly understood. In this study, we have examined a group of ameloblastomas and ameloblastic carcinomas to measure allelic loss of tumor suppressor genes. We utilized a panel of common tumor suppressor genes to calculate the frequency of allelic loss in microdissected tumor samples and correlated this with the histologic subtype and clinical outcome.
Materials and methods

Selection of Cases
This study was approved by the Institutional Review Board. The cases were obtained from the paraffin block archives of the University of Pittsburgh Medical Center, Division of Anatomic Pathology and The Armed Forces Institute of Pathology (AFIP) to include the diagnoses of ameloblastomas or ameloblastic carcinomas. Cases were selected by the availability of paraffin blocks and confirmation of the diagnosis by conventional histologic re-examination by the authors based on criteria of the World Health Organization Histological Typing of Odontogenic Tumors. 3 The pathologic information was obtained from the surgical pathology report and from review of the slides, and clinical follow-up information was obtained from the medical record. Owing to difficulty in obtaining DNA from decalcified tissue, only cases with blocks that were not decalcified were included in this study.
Paraffin blocks that included areas of tumor and normal adjacent tissue were used for genotyping analysis. Slides were cut from the block (One H&E, eight unstained deparaffinized slides, and a final H&E). The H&E slides were examined and targets . Shows the carcinoma that is described as case 13 in Table 2 . The nuclei are markedly atypical, but the growth pattern still resembles ameloblastic differentiation.
Allelic loss of tumor suppressor genes L Nodit et al that were present throughout the series of slides were selected and marked for microdissection. Tissue was microdissected from the unstained slides under direct visualization using a stereoscopic microscope and a beveled surgical blade ( Figure 1a ). For all cases, one normal target and two different sites of the tumor were dissected.
Molecular Analysis
Microdissected tissue was digested with proteinase K and DNA was extracted. Fluorescent-labeled primers were used that have been designed to yield PCR products with less than 150 base pairs, which is optimal for paraffin-embedded tissue DNA. To evaluate allelic loss, a panel of polymorphic microsatellite markers for multiple genetic loci that are known to be at or near specific tumor suppressor genes were selected for PCR ( Table 1 ). The short tandem repeats were chosen for their high polymorphism rates (ideally 475%) in the general population. All PCR reactions were performed for tumor and normal tissue under the same conditions. Amplification products were detected using capillary electrophoresis with a semi-quantitative analysis (Applied Biosystems 310 analyzer and Genescan software, Foster City, CA, USA).
The PCR products from the normal tissue were analyzed first to determine whether the patient's DNA was informative at each specific marker locus. The software generates a different peak for each differently sized PCR product when the patient is informative at that genetic locus (heterozygous for the short tandem repeat unit). In normal tissue, the peak heights are expected to have a ratio of approximately 1:1, because they are present in equal amounts in normal diploid cells. The tumor PCR products were then analyzed for each of the informative loci. The neoplastic tissue was considered to have loss of heterozygosity (LOH) if the ratio of the two peaks for a specific microsatellite marker was o0.6 or 41.5.
The frequency of allelic loss (FAL) in each tumor component was defined as the number of chromosomal loci at which allelic loss was observed, divided by the number of markers that were informative. The intratumoral heterogeneity was defined as the number of loci that exhibited a different allelic status (lost vs present) divided by the number of loci that were informative.
The genotyping results were collated for each case and a statistical analysis comparing the clinical, histologic, and genotyping results was performed using SPSS (w 2 and Student's t-test). Differences were considered significant at Po0.05.
Results
A total of 12 cases of ameloblastomas (two peripheral, eight solid, and two unicystic) and three cases of ameloblastic carcinoma were included in the study group. Detailed clinical characteristics at diagnosis are provided in Table 2 . There were 10 male and five female patients. The median age was 52 years (range: 12-79 years). The average tumor size was 4.2 cm (range: 2-7.8 cm). Seven patients had a known clinical history of recurrent (6) or metastatic (1) neoplasm. One patient died of disease (patient 1, Table 2 ) and six patients were lost to follow-up.
The results of molecular analysis are shown in Tables 1 and 2 . The average number of informative loci per case was 7 (range: 3-9). Overall, the average rate of allelic loss across all tumors studied was 47% (range: 17-100%). The average intratumoral heterogeneity was 19% (range: 0-71%). The specific rates of allelic loss seen for each gene locus studied are given in Table 1 . The two genes that exhibited the most allelic losses were L-myc (71% frequency of allelic loss) and pten (62% frequency of allelic loss) Among the clinical factors, only the site of the primary tumor had a correlation with the frequency of allelic loss, with higher rates of allelic loss seen in mandibular tumors (56% frequency of allelic loss vs. 33% frequency of allelic loss, P ¼ 0.04). Intratumoral heterogeneity was also higher in mandibular tumors (42 vs. 21%, P ¼ 0.038). Frequency of allelic loss was higher in unicystic tumors (67%) than in other benign subtypes (44%), although this did not reach statistical significance.
There was no difference between the carcinomas and the benign ameloblastomas in the molecular 
Discussion
Ameloblastoma is the most common tumor arising from the epithelial components of the embryonic tooth. 1, 2, 7 This epithelium does not undergo differentiation to the point of hard structure formation. Ameloblastomas often occur in the molar-ramus region of the mandible or maxilla and they usually grow slowly in an infiltrating fashion. They may have multiple local recurrences. 5, 7, 8 Although most ameloblastomas are histologically and clinically benign, they can cause extensive local destruction by direct invasion, 8, 9 and, rarely may even metastasize despite this bland histologic appearance.
As implied by the name, ameloblastomas resemble the epithelial component of developing tooth germs. Histologically, the main tumor cells are columnar, mimicking pre-ameloblasts of the enamel organ, and show reverse polarization, where the nuclei do not rest on the basement membrane, but are apically located and show peripheral palisading (Figure 1b) . The epithelial components surround a central web-like arrangement of spindle-shaped cells that is termed stellate reticulum (Figure 1b,  c) . The radiographic findings are variable, although most tumors show a clearly demarcated unilocular or multilocular lesion, with or without an associated impacted tooth.
Although ameloblastomas have been divided into categories based on anatomical location, histologic features, or radiographic appearance, there is no indication that these designations have prognostic significance. It has been suggested, however, that unicystic ameloblastomas may behave less aggressively than multilocular lesions, especially if associated with an impacted tooth. 10, 11 Furthermore, the prognosis of tumors in the anterior mandible may be better than those arising in the posterior mandible. This difference in behavior may be due to the thick cortical bone surrounding the anterior mandible, which is presumed to be more resistant to infiltrative growth.
Malignant tumors of ameloblastic origin are very rare, and appear in two different scenarios: malignant ameloblastoma, defined as a well-differentiated cytologically benign odontogenic tumor that paradoxically metastasizes, and ameloblastic carcinoma which refers to cytologically malignant tumors that may or may not metastasize (Figure 1d) . 3, 12 Although the molecular and genetic characteristics of ameloblastomas are poorly understood, the cloning and characterization of expression of the ameloblastin and amelogenin genes in these tumors supports the hypothesis that ameloblastomas arise from the from dental lamina, the outer enamel epithelium or the inner enamel epithelium. 13, 14 Chromosomal imbalances in ameloblastomas are reported to be rare with losses in chromosomes 22 and 10 being most frequently described. 15, 16 Aneuploidy is more common in ameloblastic carcinomas than ameloblastomas and may predict malignant potential. 17 Several immunohistochemical studies have been described in the literature as an attempt to understand the mechanism of development of ameloblastomas.
Differences in p53 protein expression in different types of ameloblastomas have implicated tumor suppressor gene alteration as a potential oncogenic mechanism. 18, 19 Apoptotic cell death in ameloblastomas (especially granular cell type) is increased, suggesting that the apoptosis pathways may be also involved in tumorigenesis. 20 Mutations in the human DNA mismatch repair system do not appear to be involved in ameloblastomas. 21 A gene expression profiling of ameloblastomas by means of a cDNA microarray showed increased expression of the oncogene FOS and tumor-necrosis factor receptor 1. 22 In our study, we examined a group of ameloblastomas and ameloblastic carcinomas for the presence of accumulated mutational damage in tumor suppressor genes, which have correlated with tumor aggressiveness in other organ systems. 23 We utilized a series of common tumor suppressor genes in a panel to establish the frequency of allelic loss in microdissected tumor samples.
We included eight multicystic, two unicystic, and two peripheral ameloblastomas and three ameloblastic carcinomas. Our results indicate that there is relatively high frequency of allelic loss in ameloblastic tumors (average of 47% frequency of allelic loss). In comparing the rates of allelic loss between different types of tumors, we found the highest rate in the unicystic tumors (67 vs 43%). The most frequent allelic losses occurred in the L-myc gene (71%) and pten gene (62%). There were no significant differences in rates of allelic loss between the benign and malignant tumors (46 vs 52%,
The clinical management of ameloblastic tumors has been controversial in light of the inability of traditional pathologic variables to stratify tumors prognostically. Although malignant ameloblastic tumors are rare, providing clinical prognostic information at the time of biopsy or resection would be quite useful for clinical management and followup of these unique tumors. We were initially hopeful that the genotyping strategy might be able to separate tumors of ameloblastic differentiation into those that may behave in a benign fashion and those that behave malignantly based on the frequency of allelic loss. The data suggest, however, that malignant ameloblastic tumors have similar patterns of loss of heterozygosity in tumor suppressor genes to their benign counterparts and that frequency of allelic loss does not relate to tumor behavior.
While testing for allelic loss of tumor suppressor genes is unlikely to provide clinical prognostic information, it does provide insight into the pathogenesis and biology of these tumors. These data suggest that neoplastic transformation develops along similar pathways in both ameloblastomas and ameloblastic carcinomas, with accumulation of allelic loss at similar rates in the same genes. The similar genotyping panels for tumor suppressor genes also suggest that there are likely to be other variables, such as epigenetic changes, or potential mutations in oncogenes that may be responsible for malignant behavior in ameloblastic carcinomas. Additional work will be necessary to identify mutational or epigenetic events to serve as surrogate markers to predict outcome in ameloblastic tumors.
